Thirty-eight phenolic compounds (including 31 flavonoids) were examined for their DPPH radical-scavenging activities, and structure-activity relationships were evaluated. Specifically, the presence of an ortho-dihydroxyl structure in phenolics is largely responsible for their excellent anti-radical activity. 3-Hydroxyl was also essential to generate a high radical-scavenging activity. An increasing number of hydroxyls on flavones with a 3',4'-dihydroxyl basic structure, the presence of a third hydroxyl group at C-5', a phloroglucinol structure, glycosylation and methylation of the hydroxyls, and some other hydroxyls, for example 5-, and 7-hydroxyl in ring A, decreased the radical-scavenging activities of flavonoids and other phenolics.
Plant phenolics are defined as compounds possessing one or more aromatic rings bearing a hydroxyl substituent(s) [1] . One of the most important classes of phenolics is flavonoids [2] . These compounds possess quite a wide range of protective effects against infectious diseases, HIV, and age-related degenerative diseases, such as cancers, cardiovascular diseases, and neurodegenerative disorders. Since considerable evidence indicates that increased oxidative damage is associated with the development of most major agerelated diseases [3, 4] , it can be speculated that powerful antioxidant activities of these phenolics may play a key role in the protection of human health. Therefore, the regular intake of fruits and vegetables is highly recommended nowadays.
The antioxidant activities of phenolic compounds are closely related to their chemical structures, and rules have been established in the past few years providing a tool for predicting antioxidant activities [5] . The orthodihydroxyl and conjugation structures in flavonoids are vitally important for their maximum radical scavenging potential [6] . By contrast, the number and positions of hydroxyl and methoxyl groups [7] , a condensed and hydrolyzable structure [8] , degree of polymerization [9, 10] , and sugar substituents [11, 12] , strongly affect the antioxidant potential activities of flavonoids. Further and more detailed structure-activity relationships have been unveiled recently [4, 13] .
Many different methods are applied to evaluate the antioxidant activities, often leading to different or even contrary results [5] . The stable radical species 2,2-diphenyl-1-picrylhydrazyl (DPPH) has been widely used in the screening and estimation of antioxidant capacity due to its clear reaction mechanism, solvent compatibility and the technical simplicity in the assays [14] . In this study, 38 phenolics (including 31 flavonoids) were analyzed for their antioxidant activities using the DPPH method, aiming to find further structure-activity relationships. Table 1 and Figure 1 (used to compare the activities of phenolics with an IC 50 < 100), nearly every flavonoid with 3',4'-hydroxyls (ortho-dihydroxyl) exhibited strong to moderate radical-scavenging activity compared with the positive reference TBHQ (IC 50 =13.9), with IC 50 values from 3.0 to 36.9, except for 6,7,3'-trihydroxyflavone. Only 5,7,3',4',5'pentahydroxyflavone (IC 50 =15.8) showed a relatively weaker effect, and the most powerful scavenger was 3,3',4'-trihydroxyflavone (IC 50 =3.0). Obviously, the hydroxylation at 3'-and 4'-positions was crucial to the radical-scavenging ability of flavonoids. Wu et al. [13] reported that the ortho-dihydroxyl structure was responsible for the better antioxidant activity toward DPPH radicals. This could be related to the formation of a more stable ortho-hydroxyl phenoxyl radical and an intramolecular hydrogen bond in the process of oxidation. Other researchers found that the orthodihydroxyl structure would increase the rate of H-atom transfer to radicals [15] . However, the phenolic compounds without an ortho-dihydroxyl group exerted the lowest anti-radical effects with their IC 50 >100 μM.
The effects of ortho-dihydroxyl on the radicalscavenging activity of phenolics: As shown in
We further determined the IC 50 values of other phenolics with ortho-dihydroxyl structures (Figure 1 ). The phenolics, 2-chloro-3,4-dihydroxyacetophenone, chlorogenic acid, pyrogallic acid, and 2,3,4trihydroxyacetophenone displayed IC 50 values of 4.9, 6.6, 6.8 and 11.4 μM, respectively. These results are in accordance with the view that phenolics with an orthodihydroxyl unit have a good ability to scavenge the DPPH radical.
However, our results show that 6,7,3'-trihydroxyflavone (IC 50 =18.6) was less active than other compounds having an ortho-dihydroxyl structure (Figure 1 ). Ring A was hardly taken into consideration by researchers due to the lack of the normal ortho-dihydroxyl structure, or just a 5,7-dihydroxyl structure, and thus ring B and ring C were more in focus. Actually, the structure of ring C in flavonoids will affect the contribution of the hydroxyls on rings A and B to the activity of flavonoids. Electrophilic effects, generated by the double bond and carbonyl group in the C ring, inactivate the phenolic hydroxyls of rings A and B. This effect was much stronger towards ring A due to the fusion between rings A and C [16] . Therefore, the ortho-dihydroxyl structure of ring A is not as effective as that of ring B in the radical scavenging procedure. Our observations are not fully consistent with a previous report [17] , which indicated that the two rings should be nearly of equal importance.
The effects of the number and position of hydroxyls on the radical-scavenging activities of phenolics:
It was supposed that the flavonoids with a pyrogallol structure would exhibit higher radical-scavenging capacity than those with a catechol structure. To our surprise, 5,7,3',4',5'-pentahydroxyflavone (IC 50 =15.8) showed a weaker activity than luteolin (IC 50 =6.6), and pyrogallic acid (IC 50 =6.8) was lower than 3',4'-dihydroxyflavone (IC 50 =4.8). These results are also supported by other researchers [6] , who reported that the presence of a third OH group did not enhance the anti-radical power of flavonoids. 2,4,6-Trihydroxy-acetophenone had an IC 50 >100, implying that a phloroglucinol structure did not enhance the anti-radical activity of phenolics. Moreover, with a structure of 3',4'-dihydroxyflavone, the flavonoids with a third hydroxyl at different positions exhibited different IC 50 values, which means that the position affects the degree of activity. Thus, the declining activity rank order is established as 3 > 6 > 5 > 7. Hydroxylation at position 3 of ring C effectively enhanced the radical scavenging capacity, for instance, quercetin (IC 50 =3.2) vs. luteolin (IC 50 =6.6), and 3,3',4'trihydroxyflavone (IC 50 =3.0) vs. 3',4'-dihydroxyflavone (IC 50 =4.8). Previous studies produced similar observations [18, 19, 20] . The special chemical atmosphere of C-3 determined the unique role of its hydroxyl in the activity of antioxidation. The formation of an intramolecular hydrogen bond between the 3-hydroxyl and the 4-carbonyl group helped to generate more stable radicals by decreasing the energy of the whole molecule, resulting in a higher radical scavenging ability [17, 21] . In contrast, hydroxylation at 5-and 7-positions generated an opposite effect ( Table 1 and Figure 1 ). For example, luteolin, possessing a 5,7dihydroxyl structure, showed a weaker scavenging effect than 3',4'-dihydroxyflavone (IC 50 =4.8), having no substituents on ring A. Figure 1 . To some extent, our result was inconsistent with a former report [13] , in which a significant increase in free radical scavenging activities in a membrane system was shown to be related to the number of hydroxyl groups in the molecule. Similar observations have been made by other researchers [18, 19] . However, beside the number of hydroxyl groups, their position in the flavonoid molecule could be much more important, such as the 3',4'-dihydroxyl unit. Although some single hydroxyl or metadihydroxyl structures possess a high heat of formation (ΔHOF), as calculated theoretically, they do not exhibit any anti-radical activity [16] . This is in line with our data, for example with chrysin (IC 50 >100), where the presence of 5,7-dihydroxyls did not enhance the radicalscavenging effect, and rather decreased the activity. It should be noted that results may differ when different assay systems are used for analysis as the antioxidant capacity depends inter alia on solubility, hydrophobicity and stability.
As shown in

The effects of glycosylation on the DPPH radicalscavenging activities of phenolics:
The introduction of a glycosyl unit at the 3-position of quercetin increased the IC 50 slightly from 3.2 to 4.9, suggesting a decline of the radical-scavenging activity. Similarly, glycosylation at the same position in kaempferol led to a dramatic increase in the IC 50 from 13.2 to > 100, and an equally dramatic decrease in activity.
The introduction of glycosyl(s) decreased the radicalscavenging activities of flavonoids, and this effect was sometimes quite significant, which was consistent with the reports of Plumb et al. [11, 12] . It was noted that different sugar moieties of a flavonoid do not affect its antioxidant activity [22] . The substitution of the relevant hydroxyls by glycosyl(s) will definitely decrease the radical-scavenging ability of the antioxidants. This may be associated with changes in the electron distribution and in participating in electron delocalization on the structural backbone or with some other still unknown mechanisms [18] .
The effects of methylation on the DPPH radicalscavenging activity of phenolics:
Methylation of hydroxyl also affected the antioxidant activity of flavonoids. The IC 50 of kaempferol increased from 13.2 to 21.0 when methylation occurred at the 4'-position. The replacement of ortho-dihydroxyls by methyls largely decreased the anti-radical activities, for example 2,3,4-trihydroxy-acetophenone (IC 50 =11.4) vs. 2-hydroxyl-3,4-dimethoxyl-acetophenone (IC 50 >100). This result suggested that the methylation of important hydroxyl(s) dramatically lowered the activity of flavonoids due to the deformation of the quinone structure.
The structure-activity relationships of thirty-eight phenolic compounds revealed that an ortho-dihydroxyl structure (or 3',4'-dihydroxyl for flavonoids) is the major determinant for their excellent anti-radical activities; 3-hydroxyl may contribute to increasing the high radical-scavenging capacity; and hydroxylation at the other positions, glycosylation and methylation of the hydroxyls, increasing the number of hydroxyls, and a phloroglucinol structure all failed to enhance the antiradical activity of flavonoids.
The outcome of a stable product in the anti-radical reaction indicating the effectiveness of an antioxidant, the hydrogen bonds between the semiquinone group and the ortho-hydroxyl, the 3-hydroxyl and the 4-carbonyl group, and the formation of a whole conjugated system in the molecule all contribute to a more effective scavenger. Besides, the distribution and delocalization of electrons caused by other groups, all influence the activity of phenolics. Finally, a balance could be generated between these functions and effects, and activities with different intensity are thus determined, although the contribution and role of them may vary in different structures of phenolics. 
DPPH radical-scavenging assay:
The DPPH radicalscavenging assay was carried out according to the method of Sharma & Bhat [23] , with little modification. Briefly, the reaction was started by adding 1 mL of 0.2 mM DPPH methanol solution to the pure compounds in methanol at different concentrations, with a final volume of 4 mL. After gentle mixing and 30 min of standing at room temperature, the absorbance of the resulting solution of each compound was measured at 517 nm with a spectrophotometer (Thermal, UK).
The percent DPPH scavenged by each pure compound was calculated using the following equation:
Scavenging capability (%) = (A 0 -A 1 )/A 0 ×100 where A 0 stands for the absorbance of the control, and A 1 is the absorbance of the antioxidant compound reaction at 30 min.
All the antioxidant measurements were performed in triplicate with 6 different concentrations, and the data were expressed as average ± standard deviations (SD). IC 50 values were calculated using probit regression, indicating the concentration of antioxidant samples necessary to quench 50% radicals in the reaction mixture. The compounds with IC 50 ≥100 μM values were poor inhibitors, and they were considered to be inappropriate for the quantitative analysis. Analysis of variance (ANOVA) was performed to compare the data, followed by appropriate post hoc tests, including multiple comparison tests (LSD). Statistical analyses were conducted using SPSS (Statistical Program for Social Sciences, SPSS Corporation, Chicago, IL) version 15.0 for Windows and a probability value less than 0.05 was accepted as statistically significant. TBHQ was used as a positive reference.
